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HIGHLIGHTS 


►  A  carbon  coated  membrane  (CCM)  is  first  developed  and  employed  for  the  zinc/bromine  flow  battery. 

►  A  distinguished  improvement  of  the  activity  of  the  positive  electrode  is  achieved. 

►  The  internal  resistance  of  the  cell  decreases  obviously  attributed  to  CCM. 

►  High  energy  efficiency  of  75%  is  achieved  which  increases  by  68%  at  40  mA  cm-2. 

►  A  nearly  two-fold  increase  in  the  power  density  is  achieved. 
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The  zinc/bromine  flow  battery  is  considered  as  one  of  the  most  suitable  candidates  for  the  large-scale 
electrical  energy  storage  attributed  to  its  nature  of  high  energy  density  and  low  cost.  However,  the 
relatively  low  power  density  determined  by  the  working  current  density  of  20  mA  cm-2  limits  its 
performance  and  application.  The  relatively  low  working  current  density  is  caused  by  the  insufficient 
electrochemical  activity  of  positive  electrode  and  the  high  internal  resistance  of  cell.  The  formation  of 
Brads  is  the  rate-determined  step  to  the  positive  electrode  reaction.  Thus  the  activated  carbon  with  the 
specific  surface  area  of  2314  m2  g_1,  compared  with  the  carbon  felt,  is  a  much  more  suitable  and 
competitive  choice.  The  activated  carbon  coated  membrane  is  first  designed  to  decrease  the  internal 
resistance.  Demonstrated  by  the  cycle  voltammetry,  AC  impedance  and  polarization  distribution  inves¬ 
tigations,  both  the  positive  electrode  overpotential  and  the  cell  internal  resistance  decrease  obviously 
attributed  to  the  high  electrochemical  activity  layer  closing  to  the  membrane.  Thus  the  energy  efficiency 
of  75%  is  achieved  at  charge— discharge  current  density  of  40  mA  cm-2,  which  means  a  nearly  two-fold 
increase  in  power  density. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

It  is  necessary  to  develop  large-scale  electrical  energy  storage 
for  the  grid  to  meet  the  demand  on  the  integration  of  renewable 
energy  sources  and  the  construction  of  smart  grid  [1].  The  redox 
flow  battery  (RFB)  is  considered  as  one  of  the  most  suitable  and 
promising  candidates  for  large-scale  electrical  energy  storage  [2,3]. 
Based  on  the  redox  couples  employed,  the  RFBs  include:  iron / 
chromium  (Fe/Cr)  flow  battery  [4],  bromine/polysulphide  flow 
battery  (PSB)  [5],  vanadium  flow  battery  (VFB)  [6-8]  and  zinc/ 
bromine  flow  battery  (ZBB)  [9].  The  Br2/Br“  redox  couple  is 
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employed  in  the  positive  electrode  of  ZBB  based  on  the  following 
reaction: 

2Br~  «■  Br2  +  2e~  (E6  =  1.07  V  vs.  SHE) 

And  the  Zn2+/Zn  redox  couple  is  employed  in  the  negative 
electrode: 

Zn2+  +  2e-  «  Zn  (E0  =  -0.76  V  vs.  SHE) 

Compared  with  the  other  candidates,  the  ZBB  exhibits  higher 
energy  density  and  lower  cost  [10].  However,  the  power  density  of 
ZBB  determined  by  the  product  of  working  current  density  and  cell 
voltage  is  too  low  for  the  high  power-rate  application.  Moreover, 
the  advantage  of  low  cost  for  ZBB  has  been  weakened  by  the  large 
number  of  single  cell  needed  for  a  battery  module.  The  insufficient 
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power  density  is  caused  by  the  relatively  low  working  current 
density  of  20  mA  cm-2  due  to  the  high  reaction  polarization  of  the 
positive  electrode  and  the  internal  resistance  of  the  cell. 

In  order  to  raise  the  power  density,  it  is  necessary  to  develop  the 
electrode  material  possessing  high  activity  to  the  Br2/Br_  redox 
couple  and  design  the  low  internal  resistance  cell.  The  carbon 
nanotube  is  proposed  to  produce  the  positive  electrode  [11],  while 
it  is  too  expensive  to  be  used  in  the  large-scale  energy  storage.  The 
activated  carbon  with  affordable  cost  exhibits  comparatively  high 
activity  and  reversibility  to  the  positive  electrode  reaction  [12]. 
Thus  the  activated  carbon  is  used  in  the  positive  electrode  of  the 
ZBB.  In  order  to  improve  the  utilization  of  the  activated  carbon 
electrode,  the  carbon  coated  membrane  (CCM)  is  first  developed 
and  employed  in  the  ZBB.  Moreover,  the  electrochemical  reaction 
sites  are  concentrated  in  the  activated  carbon  layer  which  is  closed 
to  the  membrane.  As  a  result,  the  ionic  transport  distance  is 
shortened  and  the  internal  resistance  of  the  cell  is  reduced  attrib¬ 
uted  to  the  CCM.  Thus  the  cell  employed  CCM  is  project  to  work  at 
higher  current  density.  And  the  improvement  of  the  power  density 
will  be  achieved. 

The  physicochemical  properties  of  the  activated  carbon  and 
carbon  felt  are  explored  by  scanning  electron  microscope  (SEM) 
and  N2  adsorption/desorption  isotherms.  The  electrochemical 
activity  and  interfacial  resistance  of  them  are  investigated  by  the 
cycle  voltammetry  and  AC  impedance  measurements,  respectively. 
The  in-situ  electrochemical  measurements  are  carried  out  to  the 
cell  employed  CCM  to  prove  the  improvement  of  the  electro¬ 
chemical  activity  of  positive  electrode.  The  distribution  of  the 


polarization  is  demonstrated  by  the  measurements  of  the  half-cell 
potential  and  IR  drop  across  membrane  during  charge-discharge 
cycling  at  20  mA  cm-2  and  40  mA  cm-2,  respectively. 


2.  Experimental 

2 A.  Characterization  of  carbon  materials 

The  morphology  of  the  carbon  materials  were  characterized  by 
a  QUANTA  200F  scanning  electron  microscope  (SEM)  operated  at 
20  kV.  The  specific  surface  area  (Sbet)  and  pore  size  distribution 
were  analyzed  by  nitrogen  adsorption/desorption  isotherms  at  77 1< 
on  an  Automated  Surface  Area  and  Pore  Size  Analyzer  (QUAD- 
RASORB  SI).  In  order  to  investigate  the  electrochemical  properties, 
the  cyclic  voltammetry  and  AC  impedance  tests  were  employed 
using  a  three-electrode  cell  controlled  by  a  Soltron  electrochem¬ 
istry  workstation.  The  electrolyte  was  composed  of  2  M  ZnBr2  and 
0.05  M  N-methylethylpyrrolidinium  bromide  (MEPB)  [13].  A  glassy 
carbon  disk  electrode  (d  =  4  mm)  coated  with  carbon  powders, 
a  piece  of  graphite  plate  (2  cm  x  2  cm)  and  a  saturated  calomel 
electrode  (0.244  V  vs.  SHE)  were  used  as  working  electrode,  counter 
electrode  and  reference  electrode,  respectively.  The  working  elec¬ 
trode  was  prepared  by  dripping  10  pi  of  carbon  powder  ink  onto  the 
pre-polished  GC  disk  electrode.  The  ink  was  made  by  dispersing 
5  mg  carbon  materials  (carbon  felt  powder  and  activated  carbon 
powder)  and  20  pi  of  0.05  wt%  Nation  solution  in  1  ml  isopropanol 
under  a  strong  ultrasonication. 
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Fig.  1.  Schematic  diagram  of  the  zinc/bromine  flow  battery  employed  carbon  coated  membrane  (CCM). 
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Fig.  2.  SEM  images  of  carbon  felt  (a,  b)  and  activated  carbon  (c,  d). 


2.2.  Preparation  of  carbon  coated  membrane  (CCM) 

A  piece  of  Daramic®  microporous  membrane  with  a  thickness  of 
200  pm  was  used  as  the  substrate  for  carbon  coating.  The  activated 
carbon  layer  was  prepared  by  spraying  carbon  ink  onto  the  surface 
of  microporous  membrane  with  loading  of  5  mg  cnrr2.  The  carbon 
ink  was  made  by  dispersing  activated  carbon  and  0.05  wt%  Nafion 
solution  based  on  the  desired  ratios  in  ethanol  under  a  strong 
ultrasonication.  At  last  the  CCM  was  dried  at  70  °C  for  4  h. 

2.3.  Characterization  of  the  CCM 

The  cross-sectional  morphology  of  the  CCM  was  observed  by 
scanning  electron  microscope  (JSM-6360LV,  JEOL).  The  in-situ 
cyclic  voltammetry  tests  were  employed  to  the  zinc/bromine  flow 
cell  by  a  potentiostat  (CHI  61 2C)  to  investigate  the  activity  and 
reversibility  of  the  positive  electrode  based  on  the  CCM.  The  posi¬ 
tive  and  negative  electrodes  were  used  as  working  electrode  and 
counter  electrode,  respectively.  The  saturated  calomel  electrode 
(SCE)  inserting  in  the  positive  electrolyte  circuit  was  used  as 
reference  electrode.  The  in-situ  AC  impedance  measurements  were 
carried  out  by  means  of  two-electrode  connections  controlled  by 
Kikusui  KFM  2030  FC  impedance  meter  with  sweeping  frequencies 
over  the  range  from  1  Hz  to  10  kHz  at  the  open  circuit  voltage. 

2.4.  Zinc/bromine  flow  cell  charge— discharge  cycling  test 

The  schematic  diagram  of  the  cell  with  electrode  area  of  36  cm2 
(6  cm  x  6  cm)  is  presented  in  Fig.  1.  The  cell  employed  CCM  was 
assembled  by  sandwiching  CCM  and  a  piece  of  microporous 
membrane  between  carbon  felt  and  negative  graphite  plate.  A  piece 
of  microporous  membrane  was  employed  instead  of  CCM  in  the  cell 
employed  conventional  electrode.  The  graphite  plate  with  flow 


channel  was  used  as  the  substrate  for  zinc  deposition.  The  positive 
and  negative  electrolytes  were  composed  of  2  M  ZnBr2  and  0.05  M 
N-methylethylpyrrolidinium  bromide  (MEPB).  The  MEPB  was  used 
to  capture  bromine  molecules  and  store  as  the  form  of  polybromide 
complexes.  Both  of  them  were  stored  in  their  respective  tanks  and 
pumped  into  the  corresponding  compartments  during  charge- 
discharge  cycling  test.  The  saturated  calomel  electrode  (SCE)  con¬ 
necting  into  each  half-cell  electrolyte  circuit  was  used  as  reference 
electrode  (RE)  to  continuously  monitor  the  positive  and  negative 
electrode  potentials  and  IR  drop  across  the  membrane.  The  area 
capacity  was  fixed  at  20  mAh  cm-2,  so  the  charge  time  was  1  h  at 
20  mA  cm-2  and  0.5  h  at  40  mA  cm'2.  The  discharge  process 
continued  until  the  cell  voltage  dropped  below  0.5  V. 


3.  Results  and  discussion 

The  representative  SEM  images  of  the  carbon  felt  are  presented 
in  Fig.  2(a)  and  (b).  The  carbon  felt  is  composed  of  the  carbon  fiber 
with  the  diameter  of  ~  17  pm.  Based  on  the  nitrogen  adsorption/ 
desorption  isotherms  results  (summarized  in  Table  1),  there  is  few 
pore  structure  in  the  carbon  felt.  Thus  the  specific  BET  area  is 
determined  by  the  external  surface  area  of  ~  0.632  m2  g-1.  As 
shown  in  Fig.  2(c)  and  (d),  the  activated  carbon  shows  obviously 
different  morphology.  The  powder  size  of  the  activated  carbon 
distributes  from  2  pm  tolO  pm.  The  external  surface  area  of 


Table  1 

Parameters  on  specific  surface  and  pore  structure. 


Sample 

Sbet  (m2  g  1) 

■^ExternalCm  g  ) 

VptcmV1) 

Dp  (nm) 

Carbon  felt 

0.632 

0.632 

NA 

NA 

Activated  carbon 

2314 

43.65 

1.128 

1.95 
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activated  carbon  increases  to  43.65  m2  g-1  attributed  to  the 
decrease  of  the  powder  size.  The  specific  BET  area  increases  to 
2314  m2  g-1,  most  of  which  is  contributed  by  the  micro-pores 
whose  average  pore  diameter  is  ~  1.95  nm. 

The  rate  determined  steps  of  the  Br_  oxidation  reaction  and  Br2 
reduction  reaction  are  proposed  as  following  [14]: 

Br~  oxidation  reaction: 

Br“  -►  Brads  +  e“ 

Br2  reduction  reaction: 

Br2  +  e“  ->  Brads  +  Br“ 

Both  of  them  are  determined  by  the  chemical  adsorption 
process.  Thus  the  activated  carbon  possessing  high  specific  surface 
area  and  strong  adsorption  ability  is  project  to  exhibit  sufficient 
high  electrochemical  activity.  In  order  to  clarify  the  activated 
carbon  is  a  better  candidate,  the  cycle  voltammetry  tests  are  carried 
out  over  the  range  from  0.244  V  to  1.144  V  versus  the  standard 
hydrogen  electrode  (SHE)  at  the  scan  rate  of  20  mV  s_1.  As  shown  in 
Fig.  3,  the  anodic  current  is  attributed  to  the  Br_  oxidation  reaction 
and  the  cathodic  current  peak  is  attributed  to  the  Br2  reduction 
reaction.  There  is  no  anodic  current  peak  observed  during  the 
positive  scan.  It  results  from  the  sluggish  oxidation  reaction  rate 
and  the  high  Br-  concentration.  The  anodic  current  of  activated 
carbon  is  much  higher  than  that  of  carbon  felt  at  the  same  potential. 
At  the  reverse  potential  (1.144  V),  the  anodic  current  of  activated 
carbon  is  ~9.3  mA,  while  that  of  carbon  felt  is  -2  mA.  The 
potential  of  cathodic  current  peak  of  activated  carbon  is  around 
0.9  V  with  current  of  —  6.8  mA,  while  that  of  carbon  felt  is  around 
0.9  V  with  current  of  0.8  mA.  The  results  demonstrate  the  activated 
carbon  possesses  higher  specific  electrochemical  activity.  However, 
the  superiority  of  the  electrochemical  activity  is  not  as  significant  as 
that  of  the  specific  surface  area.  It  mainly  results  from  the  following 
factors:  first,  the  utilization  of  the  surface  area  is  limited  by  the 
non-  accessible  micro-pores;  second,  the  high  reaction  activity  sites 
are  occupied  by  the  production  such  as  Br2  in  the  oxidation  reaction 
and  Br~  in  the  reduction  reaction. 

The  AC  impedance  tests  are  employed  from  1  Hz  to  3  x  105  Hz  at 
the  potential  of  0.994  V  (vs.  SHE)  based  on  the  same  three-electrode 
cell.  The  Nyquist  plots  of  the  carbon  materials  are  shown  in  Fig.  4.  In 
the  high-frequency  section  (activated  carbon:  1.2  x  104  Hz- 
3  x  105  Hz;  carbon  felt:  1.2  x  105  Hz-3  x  105  Hz),  the  condensance 


Electrode  potential  vs.  SHE  /  V 

Fig.  3.  Cyclic  voltammograms  of  the  activated  carbon  and  carbon  felt  with  a  scan  rate 
of  20  mV  s"1  at  25  °C. 


Fig.  4.  Nyqusit  plots  of  the  activated  carbon  and  carbon  felt  from  1  Hz  to  3  x  105  Hz  at 
0.994  V  vs.  SHE. 


which  is  determined  by  the  (2tc  f  C)-1  drops  with  the  decrease  of  the 
frequency  (f).  It  indicates  the  electrochemical  double  layer  capaci¬ 
tance  (C)  of  the  carbon  materials  increases  dramatically.  It  results 
from  the  increase  of  the  chemisorption  of  Br  ions  caused  by  the  AC 
signal.  The  mid-frequency  arc  is  corresponding  to  the  charge-transfer 
process  of  the  positive  electrode  reaction.  The  carbon  felt  exhibits 
much  bigger  arc  radius,  which  implies  the  sluggish  charge-transfer 
rate.  Although  affected  by  the  electrochemical  double-layer,  the 
interfacial  resistance  can  be  obtained  by  extension  the  mid-frequency 
arc.  The  interfacial  resistance  of  the  activated  carbon  is  about  11.0  Q, 
while  that  of  the  carbon  felt  is  about  12.3  Q.  The  lower  interfacial 
resistance  of  activated  carbon  is  caused  by  the  much  larger  electrode/ 
electrolyte  interface.  In  the  low-frequency  section  (activated  carbon: 
1—24  Hz;  carbon  felt:  1-5  Hz),  the  Warburg  resistance  is  observed.  It 
indicates  that  the  reaction  rate  is  partly  determined  by  the  diffusion 
process.  Most  of  the  electrochemical  activity  sites  of  activated 
carbon  distributes  in  the  internal  surface.  Thus  the  mass  transfer 
resistance  increases  due  to  the  narrow  pore  size.  Although  the 
electrochemical  activity  sites  of  carbon  felt  distributes  in  the 
external  surface,  the  limited  surface  area  is  partly  occupied  by  the 
absorbed  Br-  and  Br2.  Thus  the  mass  transfer  resistance  increases 
due  to  the  site  exclusion  effect. 

The  SEM  image  of  the  cross-sectional  morphology  of  CCM  is 
presented  in  Fig.  5.  As  shown  in  the  photograph,  the  carbon  layer 
tightly  adheres  to  the  surface  of  microporous  membrane  with  the 
thickness  of  about  5  pm.  And  there  is  no  obvious  boundary  between 
the  carbon  layer  and  microporous  membrane  attributed  to  the 
similarity  between  Nation  resin  and  microporous  membrane.  Thus 
the  CCM  exhibits  high  mechanical  stability  during  the  charge- 
discharge  cycling  test. 

The  in-situ  cycle  voltammetry  tests  are  carried  out  to  the  posi¬ 
tive  electrode  employed  CCM  and  carbon  felt  respectively  in  the 
potential  window  from  0.244  V  to  1.144  V  (vs.  SHE)  at  the  scan  rate 
of  30  mV  s-1.  As  shown  in  Fig.  6,  the  anodic  current  of  the  electrode 
employed  CCM  is  0.125  A  at  1.144  V,  while  that  of  the  electrode 
employed  carbon  felt  is  0.069  A.  The  cathodic  current  peak  of  the 
electrode  employed  CCM  is  observed  at  0.72  V  with  current  of 
0.095  A,  while  that  of  the  electrode  employed  carbon  felt  is 
observed  at  0.7  V  with  current  of  0.058  A.  It  indicates  the  electro¬ 
chemical  activity  of  the  positive  electrode  employed  CCM  is  supe¬ 
rior  to  the  conventional  electrode.  However,  the  superiority  is  not 
as  remarkable  as  the  specific  activity  investigation.  It  results  from 
the  increase  of  electrochemical  active  surface  based  on  the  flow- 
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Fig.  5.  SEM  micrograph  of  the  cross-sectional  of  carbon  coated  membrane  (CCM). 


through  electrode.  In  the  potential  window  without  Br2/Br_  redox 
reaction,  the  electrochemical  double  layer  charge-discharge 
current  of  the  electrode  employed  CCM  increases  dramatically.  It 
is  attributed  to  the  increase  of  double  layer  capacitor  producing  by 
the  activated  carbon. 

The  AC  impedance  measurements  are  carried  out  to  the  cell 
having  been  charged  for  1  h  at  20  mA  cm-2.  As  shown  in  Fig.  7, 
there  are  two  impedance  arcs  in  the  Nyquist  plot.  The  high- 
frequency  arc  ranging  from  10  kHz  to  600  Hz  is  corresponding  to 
the  charge-transfer  process  of  the  negative  electrode  reaction  and 
the  low  frequency  arc  ranging  from  600  Hz  to  20  Hz  is  corre¬ 
sponding  to  the  charge-transfer  process  of  the  positive  electrode 
reaction.  The  radius  of  the  arc  reflects  the  charge-transfer  resis¬ 
tance,  and  the  smaller  arc  radius  implies  the  faster  reaction  rate. 
There  is  a  negligible  difference  in  the  high  frequency  part  of  the 
Nyquist  plot  since  the  same  negative  electrodes  are  employed. 
However,  the  radius  of  the  low-frequency  arc  decreases  obviously 
to  the  cell  employed  CCM.  It  indicates  the  electrochemical  activity 
of  the  positive  electrode  increases  based  on  the  CCM. 

The  charge-discharge  curve  for  the  cell  employed  CCM  and 
carbon  felt  at  the  current  density  of  20  mA  cm-2  is  presented  in 
Fig.  8(a).  The  charge  voltage  of  the  cell  employed  CCM  is  about 
1.77  V  at  the  beginning  and  increases  to  1.85  V,  while  the  charge 
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Fig.  7.  Impedance  spectra  of  the  cell  employed  CCM  and  carbon  felt  at  the  open  circuit 
voltage. 

voltage  plateau  of  the  cell  employed  carbon  felt  is  1.88  V.  The 
positive  half-cell  potential  of  the  cell  employed  CCM  is  0.99  V 
initially  and  increases  to  1.04  V  since  the  absorbed  Br2  prevents  Br- 
adsorption  due  to  site  exclusion.  The  positive  half-cell  potential  of 
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Fig.  6.  Cyclic  voltammograms  of  the  positive  electrode  employed  CCM  and  carbon  felt  Fig.  8.  Voltage  vs.  time  characteristics  of  the  zinc/bromine  flow  battery  employed  CCM 
with  a  scan  rate  of  30  mV  s-1  at  25  °C.  and  carbon  felt  for  a  full  charge-discharge  cycle:  (a)  20  mA  cm-2,  (b)  40  mA  cm-2. 
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Fig.  9.  Life  cycle  of  the  zinc/bromine  flow  battery  employed  CCM  working  at 
40  mA  cm-2. 
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the  cell  employed  carbon  felt  is  1.08  V.  Thus  the  fall  of  the  charge 
voltage  of  the  cell  employed  CCM  is  mainly  caused  by  the  decrease 
of  the  polarization  of  the  positive  electrode.  The  discharge  voltage 
plateau  of  the  cell  employed  CCM  is  1.68  V,  while  that  of  the  cell 
employed  carbon  felt  is  1.62  V.  The  raise  of  discharge  voltage 
plateau  is  attributed  to  the  decrease  of  the  overpotential  of  the 
positive  electrode  whose  potential  increases  from  0.96  V  to  1.01  V 
attributed  to  the  CCM.  Thus  the  voltage  efficiency  of  the  cell 
employed  CCM  increases  to  90.7%,  while  that  of  cell  employed 
carbon  felt  is  84.8%.  And  the  energy  efficiency  of  the  cell  employed 
CCM  increases  from  73.2%  to  80.3%. 

The  voltage  versus  time  plot  obtained  for  a  full  charge- 
discharge  cycle  at  40  mA  cm-2  is  shown  in  Fig.  8(b).  The  charge 
voltage  of  the  cell  employed  CCM  rises  from  1.85  V  to  1.93  V,  while 
that  of  the  cell  employed  carbon  felt  is  2  V  at  the  beginning  and 
drops  to  1.9  V.  The  IR  drop  across  membrane  of  the  cell  employed 
CCM  is  about  70  mV  at  40  mA  cm-2,  which  is  nearly  twice  of  that  at 
20  mA  cm-2.  The  voltage  drop  versus  current  relation  obeys  Ohm’s 
law  since  the  local  reaction  rate  is  mainly  distributed  within  the 
activated  carbon  layer.  However,  the  initial  IR  drop  across 
membrane  of  the  cell  employed  carbon  felt  is  150  mV  at 
40  mA  cm-2,  while  it  is  only  30  mV  at  20  mA  cm'2.  It  indicates  that 
the  ionic  transport  process  becomes  more  difficult  and  complicate 
due  to  the  reaction  site  distribution  expands  vertically  within  the 


carbon  felt  when  the  charge  current  increases  [15].  During  the  cell 
employed  carbon  felt  charging  at  40  mA  cm-2,  the  Br2  molecules 
are  accumulated  in  the  microporous  membrane.  Due  to  the 
following  chemical  equilibrium  in  the  membrane  and  electrode 
boundary,  the  transport  rates  of  the  Br_  and  Br2  increase. 

Br_  +  Br2  Br^ 

As  a  result,  the  IR  drop  across  membrane  of  the  cell  employed 
carbon  felt  decreases  to  70  mV.  And  the  coulombic  efficiency  drops 
to  60.7%,  while  that  of  the  cell  employed  CCM  is  91.5%.  The  Br2 
molecules  stored  in  the  membrane  are  desorbed  and  removed 
during  the  standing  and  discharge  operation,  which  leads  to  the  IR 
drop  across  membrane  returns  to  160  mV.  However,  the  IR  drop 
across  membrane  of  the  cell  employed  CCM  is  90  mV  during 
discharge.  And  the  positive  half-cell  potential  of  the  cell  employed 
CCM  increases  from  0.94  V  to  0.97  V.  Thus  the  discharge  voltage 
plateau  increases  from  1.5  V  to  1.6  V.  Based  on  the  accumulation  of 
the  voltage-time  plot,  the  voltage  efficiency  increases  from  74.9% 
to  83.5%.  And  the  energy  efficiency  of  76.4%  is  achieved,  which  is 
30%  higher  than  that  of  cell  employed  conventional  electrode. 

The  40  mA  cm-2  charge-discharge  cycling  performance  of  the  cell 
employed  CCM  is  presented  in  Fig.  9.  There  is  a  negligible  difference  in 
the  cell  voltage  versus  time  plot  among  the  every  charge-discharge 
cycle.  It  demonstrates  that  the  CCM  exhibits  acceptable  stability  and 
reliability.  The  coulombic  efficiency  of  91  ±1%  and  the  voltage  effi¬ 
ciency  of  83  ±  0.5%  are  obtained,  respectively.  And  the  energy  effi¬ 
ciency  of  76  ±  1  %  is  achieved.  It  is  even  higher  than  that  of  the  cell 
employed  conventional  electrode  working  at  20  mA  cm-2.  Thus  the 
cell  employed  CCM  is  able  to  work  at  40  mA  cm-2  and  the  two-fold 
increase  in  the  power  density  is  realized. 

4.  Conclusions 

The  formation  of  the  absorbed  intermediate  (BradS)  is  rate- 
determined  step  to  the  positive  electrode  reaction.  Thus  the  acti¬ 
vated  carbon  with  high  specific  surface  area  and  strong  adsorption 
ability  is  a  suitable  material  to  be  employed  as  the  positive  electrode 
of  ZBB.  The  internal  resistance  of  the  cell  decreases  obviously  attrib¬ 
uted  to  the  construction  of  a  high  electrochemical  activity  layer 
closing  to  the  membrane.  Based  on  the  increase  of  positive  electrode 
activity  and  the  decrease  of  internal  resistance,  the  energy  efficiency 
of  cell  employed  CCM  increases  from  73.2%  to  80.3%  during  charge- 
discharge  at  20  mA  cm-2.  More  importantly,  the  energy  efficiency 
of  75%  is  achieved  during  charge-discharge  at  40  mA  cm-2. 
Compared  with  the  cell  employed  conventional  electrode,  the  energy 
efficiency  increases  by  68%.  As  a  result,  the  power  density  of  the  ZBB 
nearly  doubles  and  the  cost  almost  reduces  by  half.  For  purpose  of 
improving  the  cycling  life  at  high  current  density,  the  further  inves¬ 
tigation  and  optimization  of  the  CCM  is  being  carried  out  in  our  lab. 
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